Salmonella enterica is a facultative intracellular pathogen of animals and humans. More than 2,400 serovars exist, and these can be divided into three broad classes on the basis of their host specificity (reviewed in reference 37); ubiquitous serovars (e.g., S. enterica serovar Typhimurium) produce acute but selflimiting enteritis in a broad range of hosts, whereas hostspecific serovars (e.g., S. enterica serovar Gallinarum) are associated with severe systemic disease in a single species, which may not involve diarrhea. Host-restricted serovars are primarily associated with systemic disease in one host but may cause disease in a limited number of other species (e.g., S. enterica serovar Dublin in cattle and humans) (reviewed in reference 39) . The molecular basis of the differential virulence, tissue tropism, and host range of S. enterica serovars is poorly defined.
Genome-wide mutagenesis has indicated that enteric and systemic virulence of Salmonella in mice and cattle is influenced by Salmonella pathogenicity island 1 (SPI-1) and SPI-2, which, respectively, encode type III secretion system 1 (T3SS-1) and T3SS-2 (2, 17, 22, 26, 36 ; reviewed in reference 16). These systems inject bacterial proteins into host cells which subvert cellular pathways to the benefit of the pathogen (reviewed in reference 14). T3SS-1 promotes invasion of intestinal M cells and enterocytes by rearrangement of the subcortical actin cytoskeleton, whereas T3SS-2 facilitates the replication of intracellular bacteria within Salmonella-containing vacuoles. Targeted mutagenesis has confirmed the role of T3SS-2 during systemic infection, for example, for serovar Dublin in calves (2) . In contrast, T3SS-1 primarily influences the enteric phase of infection, with structural components being required for invasion (42) and induction of intestinal inflammatory and secretory responses (40, 41) in a bovine ligated ileal loop model. T3SS-1-secreted effectors act in concert to promote these events (21, 44) . Experiments using cattle and streptomycin-pretreated mice indicate that T3SS-2 also plays a role in the enteric phase of infection (2, 8, 26, 36) . Consistent with this, SPI-2 gene expression is induced in the intestinal lumen (5) . It has been suggested that early induction of T3SS-2 prepares Salmonella to persist in macrophages during translocation to distal sites; however, little evidence exists in support of this.
Salmonella may penetrate the intestinal epithelium by a variety of routes. Following oral inoculation of mice, S. enterica serovar Typhimurium has been observed to invade and destroy M cells located in the follicle-associated epithelium in a T3SS-1-dependent manner (20, 30) . Intestinal villous M cells dispersed in the mucosa (18) and solitary intestinal lymphoid tissue (15) have also been observed to take up Salmonella. Invasive Salmonella can also penetrate enterocytes to gain access to the subepithelial space (12, 35) , and localized damage at the site of entry as a result of host or bacterial processes may facilitate translocation via interstitial spaces. In addition, there is evidence for an alternative route of translocation since noninvasive serovar Typhimurium mutants can still reach the spleen following oral dosing of mice (13) . This process is believed to involve T3SS-1-independent transport of bacteria across the epithelium via CD18 ϩ phagocytic cells, such as dendritic cells (DCs) and/or tissue macrophages (38) . DCs can open tight junctions between epithelial cells, project dendrites into the intestinal lumen to sample Salmonella (27, 31) , and migrate via blood or lymph to distal sites. It was recently reported that serovar Typhimurium promotes phagocyte motility by a process dependent on the SPI-2 gene srfH, and this was correlated with increased systemic dissemination in mice (43) . The relative importance of these routes and the role of T3SSs are not fully understood and may vary depending on the serovar and host. Here, we characterize the mode and genetics of systemic translocation of the host-restricted S. enterica serovar Dublin in its natural bovine host.
MATERIALS AND METHODS
Bacterial strains. S. enterica serovars Dublin 3246 and Gallinarum SG9 (29) and derivatives were cultured in Luria-Bertani (LB) medium supplemented as appropriate with ampicillin ([Amp] 100 g ml Ϫ1 ), kanamycin ([Kan] 50 g ml Ϫ1 ), or nalidixic acid ([Nal] 20 g ml Ϫ1 ). Fully virulent signature-tagged mutants of serovar Dublin 3246 (mutants 27E4, 27E2, and 27F11) and mutants lacking sipD (26C8) and sseD (29D11) were isolated from a library screened by intravenous inoculation of calves (2) . Signature-tagged mutants of serovar Gallinarum SG9 (mutants 12D10, 12B6, and 14C3) that were fully virulent in chicks were a kind gift from J. Olsen (Royal Veterinary and Agricultural University, Frederiksberg C, Denmark).
Experimental animals. Animal experiments were conducted according to the requirements of the Animal (Scientific Procedures) Act 1986 (license 30/1998) with the approval of the local ethical review committee. Friesian bull calves aged 25 to 30 days were reared, housed, and confirmed to be culture negative for Salmonella as described previously (29) .
Surgical cannulation. A laparotomy was performed under terminal anesthesia, ca. 80 cm of the distal ileal loop was ligated, and an efferent lymphatic vessel draining a suitable mesenteric lymph node (MLN) was dissected and cannulated as described previously (29) . Venules draining the distal ileal mucosa were also cannulated, and jugular blood was sampled every 2 h. Preinfection blood and lymph were collected, and the loop was inoculated with 3 ϫ 10 10 to 1 ϫ 10 11 CFU of strain 3246 or SG9 or 1:1 mixes of strain 3246 and isogenic mutants. Lymph and blood were collected continuously in 2-h intervals for 12 h, and bacteria were enumerated by plating serial dilutions on MacConkey agar. Gentamicin-protected bacteria were enumerated following incubation of the sample with 100 g ml Ϫ1 gentamicin for 30 min at 37°C, followed by centrifugation (200 ϫ g for 3 min at room temperature) and two washes with phosphate-buffered saline (PBS). This method was previously shown to kill extracellular Salmonella organisms without affecting the viability of intracellular bacteria (3). All samples were mixed with 1% (vol/vol) Triton X-100 (9:1 ratio) prior to plating on MacConkey agar and overnight incubation at 37°C.
Immunohistochemistry. Biopsies of ileal mucosa were fixed in 4% (wt/vol) paraformaldehyde in PBS 12 h after inoculation of ligated ileal loops with approximately 3 ϫ 10 10 CFU of Salmonella or 24 h after oral inoculation with approximately 1 ϫ 10 9 CFU of Salmonella. Two calves were used for each combination of serovar and inoculation route. Agar-embedded lymph was prepared by mixing 1 ml of lymph to 1 ml of molten 10% (wt/vol) agar in PBS containing 4% (wt/vol) paraformaldehyde, followed by centrifugation at 200 ϫ g for 3 min. Sections of tissue (30 to 50 m) and agar-embedded lymph (100 m) were cut using a vibrating microtome. These were permeabilized in 0.1% saponin in PBS, immunolabeled, and imaged by confocal laser scanning microscopy as described previously (24) . The antibodies are described in the figure legends and were obtained from Molecular Probes (Leiden, The Netherlands) unless stated otherwise. Two sections of each sample were analyzed, together with a cytocentrifuged preparation from lymph.
Construction of signature-tagged serovar Dublin mutants. Thirty-six uniquely tagged mini-Tn5Km2 mutants of serovar Dublin 3246 with insertions in known or putative virulence-associated genes were created by Red recombinase-mediated integration of linear PCR products. The PCR products mostly comprised mini-Tn5Km2 insertions with 150 to 200 bp flanking DNA and were amplified from a library of serovar Typhimurium 4/74 mutants previously screened in calves, chickens, and pigs (6, 26) . Additional mutants were identified from the 4/74 library by hierarchical PCR using transposon-and gene-specific primers. Products were digested with DpnI, purified using spin columns, and electroporated into serovar Dublin 3246 harboring the Red helper plasmid pKD46 (11) , and Kan r Nal r Amp s transformants were selected at 37°C. Mutations in sodC1, sodC2, and slyA were constructed by amplification of transposons with compatible signature tags by PCR using primers which incorporate 40-nucleotide genespecific homology extensions, designed to replace an internal portion of the gene with the transposon. Insertion sites were confirmed by PCR, and sequence analysis and the data are available from the authors on request.
Screening of signature-tagged mutants following oral inoculation of calves. Forty-two Salmonella mutants (see Tables 1 and 2 ) were inoculated into LB broth with Kan and Nal and incubated overnight at 37°C. The mutants were pooled, and an aliquot was removed for preparation of "input pool" genomic DNA, as described previously (17) . Calves were orally inoculated with the pool (1.6 ϫ 10 10 CFU for calves A to C and 3.6 ϫ 10 8 CFU for calves D and E) in 20 ml of antacid [5% (wt/vol) Mg(SiO 3 ) 3 , 5% (wt/vol) NaHCO 3 , and 5% (wt/vol) MgCO 3 in H 2 O]. Calves were anesthetized at 11 h (A to C) or 4 days (D and E) postinoculation, and the distal ileal loop was exteriorized but not ligated. Efferent lymph vessels were cannulated, and lymph was collected in 2-h intervals at 12 to 24 h postinoculation (A to C) and for 2 h at 4 days postinoculation (D and E). Lymph samples and homogenates of tissue collected at postmortem examination (ileal mucosa, MLNs, liver, and spleen) were plated onto MacConkey agar with Kan and Nal to isolate "output pool" bacteria. For each site, ca. 2,000 to 8,000 colonies were pooled for preparation of output pool genomic DNA. Amplification of labeled tags from input and output pools and dot blot hybridizations were performed as described previously (26) .
Determination of CIs. Salmonella strains were grown for 24 h at 25°C in LB broth, subcultured 1:3 into LB broth, and incubated at 37°C for 90 min to induce expression of T3SS-1. Wild-type (wt) and mutant strains were mixed in equal numbers (ca. 3 ϫ 10 10 CFU) in a total volume of 50 ml and injected into ligated ileal loops (three calves per pair of strains). The wt and mutant bacteria were enumerated by plating serial dilutions of the inoculum, lymph, or tissue homogenates on MacConkey agar with Nal and with Nal plus Kan. Competitive indices (CIs) were calculated as the ratio of mutant to wt in the output pool divided by the ratio of mutant to wt in the inoculum. The data were analyzed by a paired t test (Minitab Inc., State College, PA).
RESULTS
Serovar Dublin translocates from bovine MLNs via efferent lymph in a predominantly cell-free niche. To investigate the route(s) of systemic dissemination of serovar Dublin in cattle, we made use of a novel cannulation model developed in our laboratory (29) . Venules and efferent lymph vessels draining the distal ileal loops of calves were cannulated under terminal anesthesia, and blood and efferent lymph were sampled continuously for 12 h after inoculation of the loop with either serovar Dublin 3246 or serovar Gallinarum SG9 (four calves per strain). These serovars have been shown to invade the ileal mucosa and induce enteritis at comparable levels in bovine ligated ileal loops and following oral dosing (29) , though serovar Dublin persists within bovine intestinal mucosa in greater numbers. Recovery of both serovars from cannulated venules was lower than the accurate limit of bacterial detection (Ͻ10 2 CFU ml Ϫ1 ). Samples of jugular blood from cannulated calves were intermittently positive by enrichment in some animals as early as 2 h after inoculation. In contrast, by 2 h postinoculation both serovars were present in efferent lymph in high numbers ( Fig. 1A and B) . At 6 to 12 h, serovar Dublin 3246 was recovered from lymph in significantly higher numbers than serovar Gallinarum SG9 (P value of Ͻ0.05) (Fig. 1A and B), consistent with the systemic virulence of strain 3246 and avirulence of strain SG9 following oral dosing of calves (29) .
Treatment of lymph ex vivo with 100 g ml Ϫ1 gentamicin (a concentration established to kill extracellular, but not intracellular, bacteria) resulted in a 90 to 99% reduction in recoveries of both serovars over the time course (P Ͻ 0.01) ( Fig. 1A and B), indicating that the majority of bacteria were free in the lymph. The predominantly cell-free location of serovar Dublin in efferent lymph was supported by immunocytochemistry of detergent-permeabilized cyto-centrifuged and agar-embedded lymph ( Fig. 1C and D) . The association of Salmonella with cells in the ileal mucosa early after infection was investigated to determine if differences in the magnitude of lymphatic translocation of serovars Dublin and Gallinarum reflect association with different cell types following invasion. Mucosal sections were labeled to detect Salmonella and eukaryotic cell markers (Materials and Methods). Bacteria were predominantly located in the lamina propria 12 h postinoculation and were rarely associated with the enterocyte layer ( Fig. 1E and F) . No bacteria were found within the lymphoid follicles associated with the Peyer's patch tissue, the muscularis mucosa, or the submucosa. Bacteria of both serovars were exclusively located within major histocompatibility complex class II (MHC-II)-positive cells with features of phagocytic antigen-presenting cells (Fig. 1E and F) . Sequential 0.25-m optical Z-plane sections confirmed the bacteria to be intracellular (data not shown). Even though large amounts of inoculum were used, relatively few bacteria could be detected in tissue sections, precluding a statistical analysis of the data.
Analysis of the role of virulence-associated loci in lymphatic translocation of serovar Dublin and establishment of systemic infections. We next investigated the genetic basis of translocation of serovar Dublin to and through MLNs in calves. A library of defined signature-tagged mutants of serovar Dublin 3246 was constructed (Materials and Methods). The library contained a total of 36 mutants (each marked with a unique oligonucleotide tag) lacking T3SS-1 and T3SS-2 components and cognate secreted effectors, SPI-3, SPI-4, and SPI-5 genes, plasmid virulence genes, and other putative virulence loci. The library also included three calf-virulent tagged serovar Dublin 3246 strains as positive controls and three chicken-virulent tagged serovar Gallinarum SG9 strains as negative controls.
The fate of each mutant was followed after oral inoculation by amplification and hybridization of the unique tags from the input and output pools (Materials and Methods). Three calves (A to C) were anesthetized ca. 11 h after oral inoculation, and a cannula was inserted in an efferent lymph vessel draining a MLN(s) in the distal ileal loop. Efferent lymph was collected in 2-h intervals at 12 to 24 h postinoculation. Efferent lymph vessels of two other calves (D and E) were cannulated 4 days postinoculation. Biopsies from ileal mucosa, MLNs, liver, and spleen were collected at the end of each experiment. Duplicate dot blot hybridizations were performed with 32 P[dCTP]-labeled tags amplified from bacteria in the input and output pools from each site in the five calves. Representative dot blots from one calf showing the fate of mutants 12 to 24 h after oral inoculation are shown in Fig. 2 . To aid the assignment of attenuation scores for each of the mutants across duplicate blots and replicate animals, hybridization signals were compared to those from the corresponding input pool and scored 0 to 3 (where 0 indicates no signal, 1 indicates ca. one-third input signal, 2 indicates ca. two-thirds input signal, and 3 indicates a signal equivalent to the input signal). The mean scores for each mutant in the lymph and tissues are shown in Tables 1 and 2 The three tagged serovar Dublin controls were present in efferent lymph and all enteric and systemic sites examined at both 1 and 4 days after oral inoculation. In contrast, the serovar Gallinarum controls were recovered in smaller quantities than the input amounts from the ileal mucosa, MLNs, and efferent lymph at early time intervals and were not detected in efferent lymph after 22 h. The serovar Gallinarum controls were cleared from the ileal mucosa and MLNs by 4 days postinoculation and were not detected in the liver or spleen. Gentamicin treatment of lymph samples collected 12 to 24 h or 4 days after oral inoculation eliminated Ͼ98% of bacteria. These data are consistent with our findings in surgically manipulated animals (above) and bacterial recoveries following oral inoculation of calves with the parent strains (29) and indicate that translocation occurs in a predominantly cell-free niche following exposure by the natural route.
A significant finding from these experiments was that the tagged mutants represented in the liver and spleen at 24 h postinoculation were the same ones, in the same proportions, as found in MLNs draining the distal ileal loop and efferent lymph ( Fig. 2 and Tables 1 and 2 ). Thus, all the serovar Dublin mutants that persisted in large numbers at 4 days postinfection in the spleen (19 mutants with attenuation scores of 2.5 or more) were detected in similar proportions in the MLNs and efferent lymph, implying that dissemination via draining MLNs and efferent lymph is relevant in the seeding of distal organs.
Mutants lacking T3SS-1 structural or translocon components were significantly impaired in their ability to translocate from the intestine to the MLNs, efferent lymph, liver, or spleen. Since multiple T3SS-1 mutants exhibited the same phenotype, it is unlikely that the attenuation observed is due to polar or second-site effects. Mutants lacking individual T3SS-1 effectors were detected in the lymph and reached the liver and spleen at 1 and 4 days postinoculation, albeit in reduced numbers in the case of sptP and sopB (Tables 1 and 2 ). This implies redundancy in the effector repertoire and/or the need for effectors to act in concert. In marked contrast, all T3SS-2 structural and effector mutants were present at all sites 1 day postinoculation, indicating that early dissemination of serovar Dublin from the intestines does not require SPI-2. By day 4, many T3SS-2 structural mutants were cleared from the liver and spleen and were less abundant in the ileal mucosa, MLNs, and efferent lymph, confirming that T3SS-2 plays a role in persistence at enteric sites (8, 26) . The abundance of the sifA mutant was reduced in the spleen by day 4, suggesting a possible role in systemic persistence.
Screening of the library further showed that mutation of the SPI-3 genes mgtC and rmbA had no effect on recovery from tissues 24 h postinoculation; however, by day 4 the mgtC mutant was either present at reduced levels or was cleared from the MLNs, liver, and spleen ( Table 2) . Disruption of the SPI-4-encoded T1SS and its secreted substrate SiiE impaired persistence in the ileal mucosa, MLNs, and efferent lymph from 1 to 4 days. However, the mutants were well represented in the liver and spleen, consistent with the role of SPI-4 in enteric but not systemic disease in calves (25, 26) . Mutations in SPI-5 enteritis-associated genes (pipB, pipC, and pipD) had no apparent effect on the persistence or translocation of serovar Dublin. Plasmid virulence genes influenced systemic persistence as expected, since spvR and spvB mutants were present at reduced levels or were cleared from efferent lymph, liver, and spleen by 4 days postinoculation. Mutation of somA, mig-14, and slyA led to reduced numbers of bacteria in the liver and spleen by 4 days postinoculation. The abundance of the mig-14 mutant was also reduced in the MLNs, and the mutant was absent in efferent lymph at this time. In contrast, no significant effect on virulence was observed by mutation of virK, pmrAB, sodC1 or sodC2. Mutants lacking spv, mgtC, mig-14, somA, and slyA, like T3SS-2 mutants, exhibited reduced persistence in the ileal mucosa, suggesting that they may play a role in sustaining a replicating pool of bacteria required to seed the distal organs at later time points.
Competition experiments confirm that lymphatic translocation does not require T3SS-2. To verify these findings and to validate the attenuation scores assigned by detection of signature tags, selected serovar Dublin T3SS-1 and T3SS-2 mutants were analyzed in competition experiments. Ligated ileal loops were coinfected with the parent strain and isogenic sipD (T3SS-1), prgH (T3SS-1), or sseD (T3SS-2) mutants (three calves per mutant in a 1:1 ratio with the parent) (see Materials and Methods). Efferent lymph was collected continuously in 2-h intervals for 12 h, and the CIs were derived at each interval. The serovar Dublin sseD mutant, which was previously found to be avirulent when injected intravenously in calves (2), translocated via efferent lymph in comparable numbers to the parent throughout (Fig. 3A) . In contrast, the sipD and prgH mutants were found in significantly lower numbers than the wt during the period in which translocation correlates with host Dublin controls  27E4  3  3  3  3  2 . 7  3  2 . 3  3  27E2  3  3  3  3  3  3  3  2 . 5  27F11  3  3  3  3  2 . 7  3  3  3 a Values represent the mean score per mutant of duplicate blots from 3 calves (24-h samples) or 2 calves (4-day samples), according to the following scale: 0, no signal; 1, ca. one-third of input signal; 2, ca. two-thirds of input signal; 3, signal equivalent to input.
b As tested in CI experiments. specificity (CIs at 8 to 12 h less than 0.1; P values of Ͻ0.05). Analysis of ileal mucosa and MLN at postmortem examination revealed that the sseD mutant colonized both sites as well as the parent, whereas the sipD and prgH mutants colonized the ileal mucosa and MLN in significantly lower numbers than the wt (Fig. 3B) (P values of Ͻ0.05). These results confirmed that early lymphatic translocation is dependent on T3SS-1 but independent of T3SS-2.
DISCUSSION
The global burden of human typhoidal salmonellosis is estimated at 21.6 million cases and 216,510 deaths per annum (10), and systemic S. enterica infections are a significant economic and welfare issue in animals (39) . The mechanisms by which host-specific and -restricted serovars translocate from the intestines and persist at distal sites are poorly understood. Studies of this process have mostly relied on oral inoculation of Ity-susceptible inbred mice with serovar Typhimurium. In the murine model, serovar Typhimurium appears to translocate by at least two routes: in addition to its ability to invade M cells and gain access to gut-associated lymphoid tissue and regional lymph nodes, it can also translocate to the bloodstream within CD18 ϩ phagocytes in a manner that does not require a functional T3SS-1 (38) . It has long been assumed that intracellular dissemination to distal sites is facilitated by T3SS-2. By using a bovine cannulation model, we have established that serovar Dublin, a natural systemic pathogen of cattle, translocates from the distal ileum mainly via draining lymphatics in a cellfree niche in a manner that requires T3SS-1 but, remarkably, not T3SS-2. Serovar Gallinarum, which causes fowl typhoid, translocated significantly less well via the lymphatics at 6 to 12 h after loop inoculation and did not reach the liver and spleen, despite the fact that it is known to invade the bovine intestinal mucosa and induce intestinal secretory and inflammatory responses at levels comparable to serovar Dublin (29) . Thus, an ability to persist in the intestinal mucosa and translocate to and through MLNs correlates with host specificity in calves.
Following inoculation of distal ileal loops, serovar Dublin was found in draining venules and jugular blood infrequently and only by enrichment. Thus, early translocation from the distal ileum appears to occur mostly via the lymphatic system, consistent with early observations in mice (7) and the large numbers of serovar Dublin organisms detected in MLNs after oral inoculation of calves (29) . Samples of jugular blood were intermittently positive by enrichment in some calves as early as 2 h after inoculation, though this may result from deposition of lymph into the bloodstream via the thoracic duct. Although Salmonella organisms are found inside cells in the intestinal mucosa (12, 42 ; also this study) and liver and spleen (32) , serovar Dublin was predominantly extracellular in efferent lymph. Consistent with our findings, using an ovine pseudoafferent lymph duct cannulation model, Bonneau et al. (4) recently found that an attenuated S. enterica serovar Abortusovis vaccine strain injected subcutaneously in the tongue, cheek, and lips traveled largely free in submaxillary lymph vessels during the first 90 min (88% cell free) but was later found associated with some cell types, including monocytes, granulocytes, and DCs (4) .
The data herein provide the first description of the genetic basis of translocation to and through intestinal MLNs by a host-restricted serovar in its natural host exposed via the natural route. The finding that mutation of T3SS-1 significantly attenuated the ability of serovar Dublin to translocate via efferent lymphatics implies that passive sampling of bacteria from the intestinal lumen by DCs or M cells is unlikely to be a major mode of delivery to the lymph. While we cannot preclude the possibility that bacterial entry via such cells may occur, the data indicate that the functions of T3SS-1 (forced phagocytosis and induction of enteritis) are necessary for delivery of serovar Dublin to and subsequently through MLNs. It is noteworthy, however, that following instillation of the prgH or sipD mutants in a 1:1 ratio with the parent strain into distal ileal loops, the wt and T3SS-1 mutant strains were detected in equivalent and relatively high numbers in the first 2 h after loop inoculation. Thus, an initial wave of translocation may occur that is independent of T3SS-1; however, the relevance of this event in establishment of systemic infection should be approached with caution since in the loop model extremely high numbers of bacteria are held statically over the mucosa, and serovar Gallinarum also displayed an early burst of translocation (Fig. 1B) , even though it is known not to colonize the distal organs 24 h postinfection (29; also this study). One cannot simply explain the role of T3SS-1 in lymphatic translocation as being due to its role in intestinal invasion, since gentamicin protection assays in a bovine ligated loop model of infection have indicated that serovars Dublin 3246 and Gallinarum SG9 invade the ileal mucosa at comparable initial rates (29) . It is possible, however, that T3SS-1 is required to estab- It is widely assumed that dissemination of Salmonella to distal sites is facilitated by T3SS-2, since it is required for persistence at systemic sites in mice (33) , is induced in the intestinal lumen (5), and exhibits contextual regulation to promote systemic virulence (9) . The finding that T3SS-2 is dispensable for early systemic translocation was surprising, given that the bacteria were readily detected inside lamina propria cells 12 to 24 h after infection by confocal microscopy. Although T3SS-2 plays a key role in intracellular proliferation in epithelial cells and macrophages, it is not required for replication in murine DCs (19) . In this respect, association of serovar Dublin with cells with features of DCs early after invasion of the bovine intestinal epithelium may be highly significant in explaining the apparent absence of a role for SPI-2 genes in early systemic translocation. Consistent with the role of T3SS-2 in bovine intestinal pathogenesis at 5 days after ileal loop inoculation (8) and following oral inoculation of calves (2, 26), T3SS-2 mutants translocated via lymph to the organs less well than the parent strains by 4 days postinoculation. Thus, T3SS-2 may facilitate systemic spread at later times by maintaining a pool of viable bacteria at enteric sites, but it does not appear to be required for lymphatic translocation per se.
Our recent data indicate that systemic virulence of the hostrestricted S. enterica serovar Choleraesuis, following oral inoculation of pigs, is associated with reduced net replication and weaker induction of inflammatory responses than serovar Typhimurium (28) . These studies suggested that rapid bacterial replication following invasion may trigger responses that confine serovar Typhimurium locally to the intestines, whereas serovar Choleraesuis may disseminate by a strategy of stealth. It remains to be determined if this is a relevant phenomenon in the systemic translocation of serovar Dublin in cattle and, if so, what factors influence net replication of the bacteria following invasion.
The finding that serovar Dublin signature-tagged clones in distal organs following oral exposure are the same ones, in the same proportions, as found in the MLNs and lymph implies that lymphatic translocation may be highly relevant in the systemic virulence of serovar Dublin in cattle. This finding is in marked contrast to recent studies of the dissemination of the enteropathogen Yersinia pseudotuberculosis that showed that at 3 days after intragastric inoculation of mice with a pool of 33 tagged clones, only 3% of those present in the liver and spleen were detected in the MLNs (1) . This clonal analysis and other experiments demonstrated that systemic translocation of Y. pseudotuberculosis occurred by a route that bypasses Peyer's patches and replication in intestinal lymph nodes.
In conclusion, by using a bovine cannulation model, we have established that serovar Dublin, a natural systemic pathogen of cattle, translocates from the ileum mainly via draining lymphatics in a cell-free niche in a manner that requires T3SS-1 but not T3SS-2 or other factors established to play a role in systemic pathogenesis following intravenous exposure. The role of T3SS-1 in this process likely reflects its importance in intestinal invasion and implies that passive mechanisms of uptake via lymphoid-associated tissues and DCs alone do not suffice as "portals of entry" to distal sites. The data herein provide the first description of the genetic basis of translocation to and through intestinal MLNs by a host-restricted serovar in its natural host exposed via the natural route. While we have defined the role of key SPIs and other virulence-associated loci in systemic translocation of serovar Dublin, further studies will be needed to define the genetic basis of host specificity.
